One contribution of 14 to a Theme Issue 'Raman spectroscopy meets extremophiles on Earth and Mars: studies for successful search of life' .
Raman spectroscopy has been identified as an important first-pass analytical technique for deployment on planetary surfaces as part of a suite of instrumentation in projected remote space exploration missions to detect extant or extinct extraterrestrial life signatures. Aside from the demonstrable advantages of a non-destructive sampling procedure and an ability to record simultaneously the molecular signatures of biological, geobiological and geological components in admixture in the geological record, the interrogation and subsequent interpretation of spectroscopic data from these experiments will be critically dependent upon the recognition of key biomolecular markers indicative of life existing or having once existed in extreme habitats. A comparison made with the characteristic Raman spectral wavenumbers obtained from standards is not acceptable because of shifts that can occur in the presence of other biomolecules and their host mineral matrices. In this paper, we identify the major sources of difficulty experienced in the interpretation of spectroscopic data centring on a key family of biomarker molecules, namely scytonemin and its derivatives; the parent scytonemin has been characterized spectroscopically in cyanobacterial colonies inhabiting some of the most extreme terrestrial environments and, with the support of theoretical calculations, spectra have been predicted for the characterization of several of its derivatives which could occur in novel extraterrestrial
Introduction
The search for extraterrestrial life signatures in our Solar System is now undoubtedly one of the major quests of space missions and their attendant remote analytical scientific instrumentation. This is the basis of the science of astrobiology, from which a better understanding of the origins and evolution of life on the Earth will be forthcoming. A simple definition of life is provided by NASA team deliberations as having a 'Darwinian facility for self-replication, adaptation and evolution' [1, 2] . When we consider the existence of life found in the most extreme terrestrial environments, the key to the survival of stressed biological colonies is adaptation of their host geology: hence, in terrestrial hot and cold deserts such as the Atacama Desert, Mojave Desert, Antarctic Dry Valleys and in the Arctic, the survival of cyanobacteria, which can exist where humans cannot, is attributable to the production of key protectant biomolecules such as scytonemin and carotenoids which are designed to filter out damaging low wavelength UV radiation insolation [3] .
Although scytonemin has been identified as a key biochemical protectant molecule for cyanobacterial colonies in a range of terrestrial extreme environments [4, 5] , it is now realized that it is the parent of a class of biomarkers, which are synthesized uniquely and characteristic of bacterial life in these habitats. Derivatives such as dimethoxyscytonemin, tetramethoxyscytonemin and scytonin have been isolated as extracts from extremophilic cyanobacteria [6, 7] . The chemical formulations of scytonemin and its methoxy derivatives suggest that they would be likely to form complexes with transition metals, especially iron(III), which is present alongside the bacterial colonies in limits of life situations exemplified by the endolithic colonization of Beacon sandstone in the Antarctic [8] .
Raman spectroscopy has recently been adopted as a first-pass analytical technique aboard the Pasteur suite on the forthcoming ESA/IKI Roscomos ExoMars 2018 mission to search for traces of past or present life on Mars [9] . An initial assessment of the potential biohazards of the planet for human exploration will be based on the ability of the Raman technique to discriminate non-destructively between bioorganic molecules and their inorganic host matrices [10] without invoking separation and treatment procedures. The identification of unique and characteristic Raman spectroscopic signatures of scytonemin in the presence of associated molecular features arising from other bioorganics such as trehalose, carotenoids and chlorophyll is an excellent basis for the detection of this important bioindicator of extant or extinct life on the surface or subsurface of Mars [11] . In this respect, a key factor in the interpretation of the experimental Raman spectral data has been the molecular modelling work and the density functional theory (DFT) calculations of Varnali et al. [12, 13] from which the modes that comprise the observed data signatures can be dissected. It is very relevant, therefore, that the investigation of the potential observation of derivative molecules in the scytonemin family is preceded by similar calculations to determine the anticipated wavenumber shifts that might be expected for scytonin, the dimethoxy and tetramethoxy scytonemins, their iron(III) complexes; although the latter have yet to be experimentally identified in terrestrial extreme environments, their importance in the iron-rich, super-extreme conditions that exist on Mars must be assessed, and if present there then their observational parameters for discrimination are defined.
Several factors affect the quality of a Raman spectrum which can make the diagnostic interpretation difficult, especially when comparing with a database and in the presence of other biological components which may potentially interfere. Particularly important parameters are the . Structure of scytonemin with numbering system used in the text [13] . (Online version in colour.)
laser wavelength, the wavenumber range as well as the spectral resolution [14] . The following criteria will apply for the ExoMars Raman instrument: laser wavelength 532 nm, wavenumber range 4000-100 cm −1 , spectral resolution 8 cm −1 , sample footprint 50 µm, spectral signal-to-noise ratio more than 300 : 1 for calcite 1086 cm −1 band. The purpose of this study is to objectively report the molecular modelling and DFT calculations that we have undertaken to establish the basis for the Raman spectroscopic discrimination between the parent scytonemin, its dimethoxy and tetramethoxy derivatives, their complexes with iron(III) and scytonin to facilitate the recognition of these molecular biomarkers both in terrestrial and extraterrestrial scenarios using remote analytical instrumentation.
Results and discussion
The modelling and DFT calculations of all the molecules herein have been carried out with B3LYP/6-31g** methodology using the program package Gaussian 09 [15] . Conformational search and geometry optimization to obtain the energetically most stable structures, excited state calculations to obtain UV-visible spectra and then frequency calculations to obtain Raman spectra were all run at the same level of methodology.
(a) Structures of the scytonemin family members (i) Scytonemin Scytonemin (figure 1) has two identical planar molecular halves that can rotate around the C−C (C1-C22 in figure 1 ) bond that links the two planar halves. Although most representations in the literature imply that the scytonemin molecule is centrosymmetric, with a centre of symmetry located at the centre of the C−C linkage, ab initio Hartree-Fock [12] and DFT [13] calculations indicate that the most energetically stable conformer has an interplanar angle of about 140 • between the two halves of the molecule. The potential energy surface (energy versus angle of rotation C5-C1-C22-C34; figure 2) has a maximum at 0 • (at this point, the two carbonyls face each other and at the other end the two aromatic moieties of each molecular half are unable to come very close to each other). planar conformation (see H29 and H59 in figure 1 ). The dihedral angle C2-C1-C22-C33 takes the minimum value of 53 • (table 1) . There exists a second maximum at about 180 • in this planar molecular conformation with the two carbonyls situated on opposite sides of the C1-C22 bond. In this position, the carbonyl oxygen and an H on the aromatic moiety on the other molecular half are in close proximity (see O21, H59 and O35, H29 in figure 1 ) and, probably, thereby would result in significant steric hindrance when the molecule is totally planar. Scytonemin is a non-planar molecule with flexible rotation around the C−C axis, C1-C22, and the molecular conformation with the dihedral angle C5-C1-C22-C34 = 139.2 • is the most stable energetically (figure 2). This calculation and prediction are supported experimentally by the Raman and infrared spectra of scytonemin, which exhibit clear evidence of spectral coincidences contrary to the rule of mutual exclusion which would have applied strictly if the molecule was centrosymmetric and possessed C s symmetry [12] .
The next most stable conformation on the potential energy surface (0 • -180 • ) occurs at a dihedral angle C5-C1-C22-C34 = 49.9 • with a relative energy of 12.6 and 20.1 kJ mol −1 barrier between them (third maximum at around 100 • ). When a full rotation of the dihedral angle C5-C1-C22-C34 is considered, two conformations at 139 • and 221 • (−139 • ) are of the same energy ( E = 0) and the barrier at 180 • is 37.3 kJ mol −1 , a value low enough to allow the two to interconvert rapidly at room temperature (chairchair interconversion of cyclohexane requires about 42-46 kJ mol −1 at room temperature). Therefore, all the conformers may interconvert, and it is predicted that the 139 • and −139 • conformers will predominate. These two conformations are stereoisomers, mirror images of each other. Appropriately, electronic circular dichroism data which are also calculated during timedependent DFT excited states calculations for scytonemin (139 • conformation) were compared to those with C5-C1-C22-C34 at −139 • and found to give rotatory strengths of opposite signs. This information may explain why scytonemin is reported experimentally to show no optical activity [4] .
(ii) Reduced scytonemin (red-scytonemin)
Upon geometric optimization of the red-scytonemin (figure 3a) modelled from the scytonemin structure [13] , the C5-C1-C22-C34 dihedral angle enlarged to 148 • and the phenolic groups rotated out of plane (29 • ) for each molecular half due to the steric hindrance experienced between H23 and the H on N6 (similarly occurring in each half of the molecule). Compared to scytonemin, the bond length differences are most significant for C1-C22 (shorten from 1.444 to 1.375 Å), and bonds from one N to the other shorten/lengthen alternatingly, e.g. C7-N6 shorten, N6-C3 lengthen, in the order C3-C2, C2-C1, C1-C22, C22-C33, C33-C37, C37-N38, N38-C39 and C3-C4, C37-C36 lengthen and C4-C13, C36-C45 shorten. Bond length changes in the aromatic and phenol groups are not significant.
(iii) Dimethoxyscytonemin and tetramethoxyscytonemin
Structural differences between the methoxy derivatives from the red-scytonemin arise from the presence of the methoxy groups added to the vinyl groups. Dimethoxyscytonemin (figure 3b) has two chiral carbons (C36, C45) and tetramethoxyscytonemin (figure 3c) has four chiral carbons (C4, C13, C36, C45) all of which are R configuration in their most stable conformations [16, 17] . The changes observed upon addition of the methoxy groups are observed as an increase in the bond lengths of C1-C5 (C22-C34) and those that are formed with the new sp 3 carbons C3-C4, C4-C5, C4-C13, C13-C14 (C37-C36, C36-C34, C36-C45, C45-C46).
The phenolic groups of the tetramethoxyscytonemin are now separated from the conjugated backbone; the dimethoxyscytonemin retains the conjugation on one half of the molecule, while this has been lost in the other half of the molecule. Therefore, dimethoxyscytonemin has the structural features of both red-scytonemin and tetramethoxyscytonemin.
(iv) Scytonin
In the case of scytonin (figure 3d), the dimeric structure shown by scytonemin is non-existent as one of the original monomers has lost its pendant para-hydroxyphenol group, whereas the other is retained in the structure [18] . Secondly, the two cyclopentenone rings of scytonemin have been subjected to ring opening and the formation of parent carboxylic acids which have then been esterified to form the methyl esters. Finally, the fission of cyclopentenone rings that was needed to create the scytonin from the scytonemin parent molecule destroys the linked ketonic groups (C=O) in the scytonemin, which no longer occur as a structural entity in the scytonin molecule. Instead, a newly formed cyclopentenone ring exists on the molecular half that has lost its pendant p-hydroxyphenyl substituent.
The scytonemin system of eight rings and two vinyl groups is reduced to a six-ring system and one vinyl group in scytonin. The rings in scytonin do not lie in two planes like those in scytonemin but are distributed over three planes with acute interplanar angles. Oxid-scytonemin, a theoretically plausible, proposed structure (figure 4) modelled by removing the hydrogens of the phenol groups of scytonemin, unlike scytonemin, energetically prefers the triplet state (by 42.0 kJ mol −1 ) [13] . The triplet structure, with lower energy compared with the singlet state (and therefore more stable) has a C5-C1-C22-C34 dihedral angle of 139.4 • between two planar molecular halves. The bond lengths of the phenol groups elongate significantly upon oxidation of scytonemin without causing alterations in the rest of the molecule. A comparison summary of the Raman bands between the three forms of scytonemin, its methoxy derivatives and scytonin is presented in table 2 and shows the predicted similarities as well as the differences. The calculated wavenumbers suggest that observed bands near 1600, 1550, 1400 and 1300 cm −1 are generically of scytonemin and its derivatives. The methoxyscytonemin derivatives have additional methyl groups with C−H bands at 3018-2890 cm −1 and scytonin has methyl groups with bands at 3053-2943 cm −1 due to ester functionalities. Of the three forms of scytonemin, with no methyl groups, red-scytonemin has both N-H and O-H bands; scytonemin has only O-H bands; only oxid-scytonemin has no N-H or O-H bands. Scytonemin and its derivatives all display carbonyl stretching bands at 1710-1733 cm −1 while scytonin has two more carbonyl bands at 1696 and 1692 cm −1 again due to the presence of the ester functionalities. Vinyl-H stretching is at 3020 for scytonemin, 3027 for oxidscytonemin, 3035 for red-scytonemin, 3031 for dimethoxyscytonemin, 3067 for scytonin and absent for tetramethoxyscytonemin. Red-scytonemin and dimethoxyscytonemin display strong vinyl stretching bands at 1627/1626 cm −1 , respectively; this band is weak for scytonemin and absent in oxidized scytonemin, tetramethoxyscytonemin and scytonin. Scytonin has a weak band at 1607 cm −1 assigned to vinyl stretching. Oxidized scytonemin's vinyl stretching is coupled to the phenolic quadrants and displayed at 1576 cm −1 .
Red-scytonemin, apart from the vinyl stretching at 1627 cm −1 , has major bands at 1596 cm −1 assigned to aromatic quadrants and vinyl stretching coupled modes; 1552 cm −1 assigned to C1=C22 stretching. Scytonemin has major bands at 1581 cm −1 , assigned to C2-C1-C22-C33 sequence stretching, vinyl stretching and coupled phenyl quadrant modes; 1593 cm −1 assigned to C2-C1-C22-C33 sequence stretching and coupled aromatic quadrant modes; 1552 cm −1 assigned to C=N stretching and coupled indole modes.
Oxid-scytonemin has major bands at 1584 cm −1 assigned to C2-C1-C22-C33 sequence stretching, coupled with aromatic quadrant stretching and CN stretching modes; 1293 cm −1 assigned to C1=C22 stretching, coupled with vinyl stretching, indole and phenolic group modes; 1108 cm −1 assigned to coupled CC stretching from C5-C1, C22-C34, C−N, C13-C-14, C45-C46.
Dimethoxyscytonemin, apart from the vinyl stretching at 1627 cm −1 , has major bands at 1598 cm −1 assigned to aromatic and phenolic quadrants and vinyl stretching coupled modes; 1547 cm −1 assigned to vinyl stretching. Tetramethoxyscytonemin does not display a major band around 1580-1600 cm −1 ; it has a major band at 1550 cm −1 assigned to vinyl stretching; 1448 and 1474 cm −1 assigned to NCC indole ring modes. Scytonin has an active band at 1583 cm −1 assigned to vinyl stretching and phenolic quadrant stretchings coupled to trans double bond stretching modes; 1559 cm −1 assigned to aromatic quadrant stretching and coupled trans double bond stretching modes; 1512 cm −1 assigned to C4=C3-C2=C1-C18=C19 coupled to indole modes. A very important point in diagnostic spectroscopy is the ability to recognize more than one definitive band for characterization purposes and ideally up to three features need to be considered-this concept is endorsed especially when potentially mixtures of derivatives are possibly present [19] . Corroborative sequences to the major bands described above that will be important to differentiate between the three forms of scytonamin and its derivatives are as follows: scytonemin: 1417, 1311 and 1166 cm −1 (well established experimentally) 
(c) UV tetrahydrofuran absorptions for the scytonemin family members
The UV tetrahydrofuran data calculated for the three forms of scytonemin are λ max = 353 nm with absorptions at 300 nm (shoulder) and 245 nm (peak) for scytonemin, λ max = 390 nm with absorptions at 311 nm (shoulder) and 241 nm (peak) for red-scytonemin, λ max = 393 nm and an absorption at 278 nm (shoulder) for oxid-scytonemin-triplet. Also, a small absorbance in the visible region for scytonemin (699 nm), a shoulder for oxid-scytonemin (682 nm) and redscytonemin (489 nm) were observed.
The experimentally reported UV tetrahydrofuran spectra for scytonemin were λ max = 384 nm in acetone with a minor broad shoulder (max. 550-600) [20] and 370 nm in vivo. Later, experimentally observed absorption maximum at 386 nm with additional peaks at 300, 278, 252 and 212 nm were reported displaying UV-A, UV-B and UV-C absorbance [21] .
The experimentally observed UV(tetrahydrofuran) spectrum for red-scytonemin is reported as nm (ε), λ max = 246 (30 000), 276 (14 000), 314 (15 000), 378 (22 000), 474 (14 000), 572 (broad shoulder 7600) [4] .
UV tetrahydrofuran data calculated for methoxy derivatives and scytonin are λ max = 241 nm, a second peak at 355 nm and a third at 503 nm for dimethoxyscytonemin, λ max = 236 nm, a shoulder at 333 nm and a peak at 501 nm for tetramethoxyscytonemin, λ max = 221 nm, a second peak at 300 nm and a shoulder at 370 nm for scytonin. The experimentally observed UV(MeOH) values are reported as nm (ε), λ max = 215 (60 354), 316 (18 143), 422 (23 015) for dimethoxyscytonemin, λ max = 212 (35 928), 562 (5944) for tetramethoxyscytonemin, λ max = 207 (38 948), 225 (37 054), 270(22 484) for scytonin [6] .
Both theoretical predictions and experimentally observed λ max values for the methoxy derivatives and scytonin show lower wavelengths of UV-C absorption, hence better UV-C protection compared to the three forms of scytonemin. The commonality of these three structures is that the phenolic groups are not in the same plane with the indolic structures they are attached to.
(d) Structures of the proposed iron complexes
In a review paper, Jorge-Villar & Edwards [22] report that some kind of mineralogical change or mineral mobilization has been observed, such as hematite accumulation on the rock surface, a deficiency of hematite noted around the organic colony, iron oxide transformation closely related to the microorganisms and changes between calcium carbonate phases (calcite to aragonite) where the organisms are detected. In another article [23] , a specimen from an endolithic colonization of Beacon sandstone is recognized by a depletion of haematite in the substrate and its concentration at the rock surface is accompanied by a biogeological change involving the production of goethite. Lastly, in the Kitty's Gap (banded chert, Pilbara) specimen, degraded organic compounds always seem to appear related to a significant magnetite, Fe 3 O 4 , signal. It is possible that the presence of magnetite could therefore be related to the organism activity and may even be assisting in the conservation of the relict organic compounds [24] . The proposed iron complexes of scytonemin and its methoxy derivatives herein could feature in the extremophilic survival strategy and facilitate the movement of iron through the rock matrix [17, 25, 26] .
(i) The structure of the proposed iron-scytonemin complex and comparison to scytonemin
The structure of the iron-scytonemin complex was modelled by using the conformation of scytonemin with dihedral angle C5-C1-C22-C34 about 60 • to complex an iron atom (charges 0, 1+, 2+, 3+ and various multiplicities) coordinated to the two indolic moieties (figure 5a), and was fully optimized for each complex at the established level of methodology [25, 26] . The structure of an iron(III) (multiplicity 4) complex of scytonemin (figure 5a) was the most stable energetically and was therefore selected for the theoretical prediction of the characteristic Raman spectral bands.
The sequence C2=C1-C22=C33 between the two halves of the molecule is cis in contrast to the trans double bond sequence in scytonemin. The arene groups of the two indolic moieties display 
coordination while the other side with η 6 coordination has almost no spin on the phenol [25] . As a result, the vinyl bond lengths are not equivalent on the two molecular halves and the molecular half with η 2 coordination has a shorter vinyl bond length.
The C−C bond lengths of the arene groups chelating the iron are longer and show enlargement of these rings due to the iron d orbitals interacting with π and π * orbitals of scytonemin (electron transfer from the scytonemin π orbitals to iron and the back donation from the iron d orbitals to the scytonemin π * orbitals).
(ii) The structures of the proposed iron-methoxyscytonemin complexes
The proposed iron-dimethoxyscytonemin complex [17] was modelled by rotating the C4-C13 bond so that the phenol group is located over the scytonemin backbone facing the carbonyl group of the other half of the molecule and then placing an iron in between (figure 5b). In the formation of the proposed iron-tetramethoxyscytonemin complex, the addition of two more methoxy groups across the vinyl group thereby gives the tetramethoxy derivative.
The proposed diiron-tetramethoxyscytonemin complex was modelled by rotating the second phenol group and similarly placing a second iron between the phenol and the carbonyl on the other half of the molecule (figure 5c). These complexes with iron(III) also had the lowest energies with multiplicity 4.
(e) Raman spectroscopic protocol for the proposed structures of iron complexes Analysis of the theoretical data from DFT calculations on the most stable energetically favoured iron-scytonemin complex structure in table 3 and comparing the predicted Raman spectrum with that observed experimentally for the parent scytonemin [5] show that while there are small changes in wavenumber observed for some of the aromatic phenyl skeletal modes as might be expected perhaps for a rigid and highly conjugated aromatic ring substructure, the η 6 −η 2 coordination of the iron atom has resulted in a major structural change in the co-relationship between the two halves of the dimeric molecule that now exhibits a pronounced asymmetry compared with the parent scytonemin.
Hence, the bands experimentally observed in scytonemin at 1656 and 1710 cm −1 which were assigned to C=C and C=O modes, as confirmed by the DFT computational analysis, are now absent and have been replaced by new Raman bands predicted at 1767 and 1754 cm −1 , which seem to arise from decoupled carbonyl modes. By contrast, the unsaturated aromatic ring C=C mode in the parent scytonemin at 1605 cm −1 is still present in the iron-scytonemin complex at 1607 and 1605 cm −1 assigned to phenol ring C=C mode coupled to vinyl stretching. The experimentally observed most active band of scytonemin at 1590 cm −1 which was theoretically assigned to the trans double bond (C2=C1-C22=C33) stretching, vinyl stretching and coupled aromatic quadrant modes is still present in the iron complex but much less active and with a second weak band at 1557 cm −1 assigned to the stretching of the sequence C2=C1-C22=C33 between the two halves of the molecule which is now in the cis conformation. The aromatic ring C=C and C−N coupled mode at 1525 cm −1 in scytonemin is now shifted significantly to 1547 cm −1 in the iron-scytonemin complex. Strong C−O bands now appear in the iron complex at about 1497 and 1489 cm −1 and these arise from the decoupled CO modes mentioned above.
Other vibrational modes are predicted theoretically to be but little affected from the conversion of parent scytonemin to an iron-scytonemin complex, e.g. the experimentally observed bands at 1375, 1384 cm several of these wavenumber changes are predicted to be small, others are quite sensibly different between the Raman spectra of the parent scytonemin and its iron complex and could therefore provide the basis for their differentiation. Lower frequency modes are also predicted to possess several similarities, such as 677/689, 565/560, 539/535, 500/497, 450/435 and 274/280 cm −1 for the scytonemin/iron-scytonemin complex.
In summary, the complexation of the iron(III) with its location across the two extreme aromatic ring systems of the scytonemin has created a new structure theoretically which should be identifiable experimentally in the Raman spectrum from which it could be possible to detect experimentally the spectral signatures of a scytonemin-iron complex generated by extremophilic cyanobacterial colonies in iron-rich geological environments.
On the basis of the theoretical study, the predicted Raman spectroscopic differentiation between the parent scytonemin and a possible iron-scytonemin complex that could be formed by cyanobacterial colonization in iron-rich geological scenarios must be focused upon the key spectral wavenumber region, 1400-1800 cm −1 , wherein several of the major differences appear for discriminatory purposes. In particular, the replacement of the key scytonemin features at 1710 and 1656 by the new doublets arising from the structurally decoupled carbonyls at 1767 and 1754 cm −1 and 1497, 1489 cm −1 will be critical for the identification of this complexation having occurred. Confirmatory evidence from the shifted parent scytonemin band at 1525-1547 cm −1 would also provide evidence for the presence of iron-scytonemin complexation in future experimentally observed spectra.
Detailed comparison of the data for the methoxy derivatives in table 2 and their iron complexes in table 3 reveals that the single OH and NH bands each become two bands for the complex. The two carbonyl bands present in the methoxy derivatives (1710, 1729 cm −1 for dimethoxy and 1721, 1733 cm −1 for tetramethoxy) now appear at higher wavenumbers as only one band in the complexes (1761 cm −1 for dimethoxy and 1751 cm −1 for tetramethoxy), because one of the carbonyls is involved in the complexing to the iron. The diiron complex in which both carbonyl groups are involved in complexation has no identifiable carbonyl band.
The 1626 cm −1 band assigned to vinyl stretching becomes a band at 1607 cm −1 for the irondimethoxyscytonemin complex; the 1603 cm −1 band becomes the 1584 cm −1 band for the one iron complex and 1593, 1572, 1567 cm −1 bands for the diiron complex. The 1547 cm −1 band of dimethoxyscytonemin (1550 cm −1 for tetramethoxyscytonemin) becomes two bands at 1538 and 1527 cm −1 (1552 and 1525 cm −1 for tetramethoxyscytonemin) for the one iron complex and at 1552, 1540 cm −1 for the diiron complex. The 1474 cm −1 band becomes 1469 cm −1 for the dimethoxy, and 1467 cm −1 for the tetramethoxyscytonemin one iron complex and 1478 cm −1 for the diiron complex.
Although the computational analysis reveals some key vibrational features which could be verified by experimental Raman spectroscopy, it is not possible to ascribe individual idealized group motions to the complex vibrations that occur below 1400 cm −1 due to extensive coupling of modes. The 1338 and 1348 cm −1 weak bands of dimethoxyscytonemin become stronger and 1387, 1377, 1364, 1357, 1335 and 1321 cm −1 bands appear for its complex. The 1336 cm −1 band of tetramethoxyscytonemin becomes stronger and appears at 1335 cm −1 , along with new bands at 1383, 1362, 1357, 1320, 1312 cm −1 . In this region, the feature at 1327 cm −1 is the only active band for the complex containing two iron atoms.
The importance of the theoretical analyses and predictions made in this paper has direct relevance to the forthcoming ExoMars 2018 mission and later missions to Mars, because potential key molecules which could be produced by organisms in highly stressed environments have been identified but have not yet been observed experimentally in terrestrial Mars analogue scenarios. It is a requirement for the remote instrumental analytical interrogation of the Martian planetary surface and subsurface that biosignatures are recognized from a Raman database before further destructive experimental procedures are envisaged [27] . Hence, it is critically important that a wide range of possible biosignatures are accumulated terrestrially [28, 29] ; the predictions of the spectral activity of as yet undetermined Raman biosignature wavenumbers are important in this respect to facilitate their recognition in the biomolecular and mineral mixtures that are typically encountered in biogeological matrices.
Conclusion
This theoretical analysis coupled with current Raman spectral observations of scytonemin in extremophilic cyanobacterial colonies illustrates the novel features characteristic of some important reduced and oxidized forms, methoxy derivatives, iron complexes and the potential for their recognition in extreme scenarios. This work forms the basis for the establishment of a diagnostic Raman spectral database for scytonemin and its derivatives, not only those which have already been reported in chemical extracts but which as yet have not been characterized spectroscopically, but also indicating potentially novel species which are predicted to be stable for cyanobacterial colonies in iron-rich environments.
